Members of the family Spirochaetaceae are highly diverse and many of them are free living/symbiotic, non-pathogenic and helical shaped bacteria commonly found in the anoxic mud, marshes, marine sediments, soda lakes and microbial mats (Aksenova et al., 1992; Breznak & Canale-Parola, 1975; Breznak & Warnecke, 2008; Campbell & Cary, 2001; CanaleParola, 1984 CanaleParola, , 1992 Greenberg & Canale-Parola, 1976; Hespell & Canale-Parola, 1970; Harwood & Canale-Parola, 1983; Teal et al., 1996; Miyazaki et al., 2014; Pikuta et al., 2009; Pohlschroeder et al., 1994; Imachi et al., 2008; Reddy et al., 2013; Shivani et al., 2015; Dubinina et al., 2015; Sravanthi et al., 2015 Sravanthi et al., , 2016 Hania et al., 2015; Dröge et al., 2006; Dubinina et al., 2011; Leschine & Paster, 2010; Ritalahti et al., 2012; Troshina et al., 2015) . The family Spirochaetaceae till date has 10 genera. While the species of the genus Borrelia and Treponema are pathogens, large number of free living or symbiotic spirochaetes are affiliated to the genera Alkalispirochaeta, Spirochaeta and Sphaerochaeta. Genera Clevelandina, Cristispira, Diplocalyx, Hollandina and Pillotina have no cultivated representatives. Members of the phylum Spirochaetes are highly divergent and require reclassification for the better reflection of their genetic diversity (Abt et al., 2013; Yarza et al., 2014; Sravanthi et al., 2016) . In this study, we propose a new member of the family Spirochaetaceae as 'Candidatus Marispirochaeta associata' and re-evaluated the taxonomic status of a few species of the genus Spirochaeta based on their genomes and propose reclassification.
Strain JC231 was isolated from a soil sample collected from Gujarat during December 2013 (GPS positioning of the sample collection site; 23 8¢ 82 † N 69 74¢ E) which was kept for enrichment in a growth medium previously described (Shivani et al., 2015) with cellobiose (0.2 %) as carbon source and antibiotic rifampicin (10 mg ml
À1
). Low numbers of spirochaete cells were visible under microscope after 5 days of anaerobic incubation. Further subculturing was done into a medium which contained combination of antibiotics of (100 µg ml À1 ) nalidixic acid, rifampicin and phosphomycin. Repeated subculturing in an antibiotic medium and following dilution to extinction, the spirochaete cell numbers increased. However, one type of cells which are rod-vibrio shaped was always associated with the spirochaete. We could suppress the growth of the rod-vibrio shaped cells by the addition of fosmidomycin (100 µg ml À1 ) which resulted in the growth of only spirochaete. Removing fosmidomycin from the medium resulted in an immediate appearance of the rod-vibrio shaped cells even after 15 subcultures. The rod-vibrio cells are not visible under the surveillance of microscope; however, they are cryptically present in the medium. On the other hand, rod-vibrio cells could be isolated in pure culture on dilution to extension in a medium containing pyruvate (0.3 g l À1 ) replacing cellobiose and was free from spirochaete cells. The spirochaete was designated as strain JC231 and the rod-vibrio cells as strain JC271. For polyphasic studies and genome analysis of strain JC231, cells were grown in a medium that contained cellobiose (0.2 %) as carbon source along with the antibiotic fosmidomycin (100 µg ml
) which inhibits the growth of strain JC271.
Genomic DNA was isolated by the method of Marmur (1961) from cells of spirochaete grown in a medium containing fosmidomycin and the G+C content of the DNA as determined by reverse-phase HPLC (Mesbah et al., 1989) was 54.9 mol%, which is very close to the calculated value from the genome of 55.7 mol%. Spirochaete-specific primer was used for amplification and sequencing of the 16S rRNA gene as described previously (SF-GGCGGCGCGTWTTAAG and SR-TACCTTG TTACGACTTCA; Campbell & Cary, 2001; Shivani et al., 2015) . Calculation of pairwise 16S rRNA gene sequence similarity was done on the EzTaxon-e server (Kim et al., 2012) . 16S rRNA gene sequence (1388 bp) BLAST search analysis of strain JC231 showed highest sequence similarity with Spirochaeta bajacaliforniensis DSM 16054 T (90.98 %) and <91 % with other members of the family Spirochaetaceae. Amplification and sequencing of 16S rRNA gene of rod-vibrio cells (strain JC271) was done by using universal primer as described previously (Subhash et al., 2013b) . 16S rRNA gene sequence of strain JC271 showed highest similarity with Desulfovibrio marinisediminis C/L2 T (99.3 %), Desulfovibrio acrylicus W218 T (98.7 %), Desulfovibrio desulfuricans subsp. aestuarii (98.6 %), Desulfovibrio oceani susbsp. oceani (98.0 %), Desulfovibrio oceani subsp. galateae (98.0 %) and other members of the genus Desulfovibrio ( 91.9 %).
16S rRNA gene sequences were aligned using the SILVA incremental aligner (SINA; http://www.arb-silva.de) and the MEGA 6 (Tamura et al., 2013) software was used for phylogenetic analyses. For reconstructing neighbour-joining (NJ), maximum-likelihood (ML) and maximum-parsimony (MP) phylogenetic trees, the following statistical methods were used. For NJ, the Kimura two-parameter model (Kimura, 1980) with uniform rates and pairwise deletion was used. For ML, the Kimura two-parameter model with uniform rates and the heuristic search algorithm nearestneighbour interchange with complete deletion was used. For MP, subtree pruning and regrafting as heuristic algorithm with complete deletion was used. Percentage support values were obtained using a bootstrap procedure. Accession numbers for sequences used as references are indicated in the phylogenetic tree. Robustness of phylogenetic affiliation of strain JC231 with other members of the family Spirochaetaceae was also done with the most similar (>98 %) 16S rRNA gene sequences (>900 bp) of strain JC231 selected from NCBI database. Phylogenetic analysis based on NJ, ML and MP confirms the clustering of strain JC231 with members of the family Spirochaetaceae and formed a distinct clade from other members (Fig. 1) .
Sequencing of the genome was performed at the SciGenom, using the Illumina HiSeq 2000 (Illumina) platform. Assembly of the raw sequencing data was performed using MaSuRCA (de Bruijn graph and Overlap Layout Consensus). Annotation of the assembled data was performed using the Rapid Annotation Using Subsystem Technology (RAST) server (http://rast.nmpdr.org/rast.cgi). Average nucleotide identity (ANI; Goris et al., 2007) was performed by using the Kostas laboratory server (http://enve-omics.ce.gatech. edu/ani/). Four copies of 16S rRNA gene sequences were identified in the genome of strain JC231. All the four copies of 16S RNA gene sequence (1489 nt) showed 100 % sequence similarity and were identical with the gene sequence obtained using spirochaete-specific primer. ANI value between strain JC231 and closely related phylogenetic neighbours, Spirochaeta bajacaliforniensis DSM 16054 T and S. smaragdinae DSM 11239 T , was 75.7 and 77.6 %, respectively (Table S1 , available in the online Supplementary Material), which is far below the recommendation value for species cutoff (95-96 %; Goris et al., 2007; Richter & Rosselló-Móra, 2009) . Similarly, the genome-to-genome distance between JC231 and closely related phylogenetic members was <27 % which was also far below the species cutoff (70 %; Auch et al., 2010; Meier-Koltohoff et al., 2013) .
Sediminispirochaeta smaragdinae SEBR 4228 T (CP002116)
Sediminispirochaeta bajacaliforniensis BA-2 T (AJ698859)
Sediminispirochaeta sinaica SL T (KC261846)
Sphaerochaeta multiformis MO-SPC2 T (AB598280)
Sphaerochaeta coccoides DSM 17374 T (CP002659)
Sphaerochaeta pleomorpha Grapes T (AF357917)
Sphaerochaeta associata GLS2 T (JN944166)
Sphaerochaeta globus str. Buddy T (AF357916)
Brachyspira aalborgi 513A T (Z22781) 100/100/100 100/100/100 100/100/100 100/100/100 100/100/100 100/100/100 100/100/100 100/100/100 100/100/100 100/100/100 
'Candidatus Marispirochaeta associata'
Morphological properties such as cell shape, cell size and motility were observed by phase-contrast light microscopy (Leica DM 2500). Salinity, pH and temperature for growth were examined from broth cultures as described previously (Shivani et al., 2015; Stancu & Sima, 2007) . Growth on organic substrates (D-glucose, D-galactose, D-fructose, cellobiose, D-mannitol, starch, L-rhamnose, lactose, D-mannose, D-sorbitol, pyruvate, L-glutamate and L-aspartic acid) was tested in a minimal medium described by Subhash et al. (2013a, b, c) . Vitamin requirements were tested by replacing yeast extract with single and also combinations of vitamins as growth factors. Various biochemical tests (starch/ casein/gelatin, indole production, denitrification and oxidase and catalase activity) were carried out in the prescribed media to meet the requirements of the standard methods as described previously (Cappuccino & Sherman, 1998) . Fermentation produces were analysed as previously described (Reddy et al., 2013) .
Strain JC231 was unable to grow on solid media using agar, agarose or gellan gum as solidifying agents under anaerobic conditions. Cells of strain JC231 were 0.1-0.2 µm in width and 50-250 m in length with helical shape (Fig. S1a) and were Gram-stain-negative. Cells of strain JC231 were loosely coiled, motile (exhibiting helical movement) and in the absence of fosmidomycin and were associated with Desulfovibrio sp. JC271 (Fig. S1b) . Spheroplasts were commonly seen under microscope at stationary phase of growth (4-5 days) of strain JC231. Growth of strain JC231 occurred from pH 6.5 to 9.0 and optimum between 7.5 and 8.0. Strain JC231 required at least 1 % of NaCl for growth and could tolerate up to 8.0 % (optimum at 2 %). Optimum growth occurred at 30-35 C, with a growth range of 15-40 C. The doubling time of strain JC231 at optimal conditions [35 C, 2 % (w/v) NaCl, pH 7.5] was 3-4 h. Strain JC231 showed negative reaction for catalase, indole production and gelatin hydrolysis. Growth of strain JC231 required trace amount of yeast extract which could not be replaced by addition of vitamins. Cl free medium even after five subcultures and draft genome sequence of strain JC231 indicated the presence of nifA, nifH, nifE, nifB and nifN genes which are involved in diazotrophy. In the absence of fosmidomycin, strain JC231 showed resistance to kanamycin, phosphomycin (100 µg ml
À1
) and rifampicin (100 µg ml À1 ); however, growth of Desulfovibrio was also observed. Strain JC217 was sensitive to gentamicin, tetracycline (100 µg ml À1 ), ampicillin and chloramphenicol (100 µg ml
).
Carotenoid composition as determined by C 18 -HPLC analysis (Ramaprasad et al., 2013) indicated the presence of carotenoids of spirilloxanthin series. A total of 13 peaks were generated by HPLC analysis (Fig. S2) and none of the peak spectra have similarity match with the available carotenoid spectral database at lipid bank (http://lipidbank.jp/cgi-bin/ main.cgi?id=VCA) which indicates the presence of novel carotenoids in strain JC231. All the genes involved in the lycopene biosynthesis were detected in the genome of strain JC231.
Fatty acids and polar lipids of strain JC231 and Spirochaeta bajacaliforniensis DSM 16054 T were analysed on the culture grown in alkaline medium with cellobiose as carbon source. Cells were harvested by centrifugation (10 000 g for 15 min at 4 C) on reaching a cell density of 70 % of the maximum optical density (100 %=0.8 OD 540 ) and the pellet was used for analysis. Cellular fatty acids were methylated, separated and identified according to the instructions for the Microbial Identification System (Microbial ID; MIDI 6.0 version; method, RTSBA6) [Sasser (1990) ; revised78; www.midi-inc. com] which was outsourced through Royal Research Labs, Secunderabad, India. C 14 : 0 , iso-C 15 : 0 , C 16 : 0 , iso-C 15 : 1 H/ C 13 : 0 3OH and iso-C 14 : 0 were the major (>5 %) fatty acids along with minor amounts (<5 and >1 %) of iso-C 14 : 0 , anteiso-C 15 : 0 , iso-C 16 : 0 , iso-C 17 : 0 , anteiso-C 17 : 0 and C 18 : 0 . Strain JC231 differed from Spirochaeta bajacaliforniensis DSM 16054
T by the presence of C 18 : 0 , iso-C 15 : 1 H/C 13 : 0 3OH and C 16 : 0 10-methyl/iso-C 17 : 1 !6c and by the absence of iso-C 15 : 0 -aldehyde and iso-C 15 : 0 DMA (Table 1) . Diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine and unidentified lipids (L1-L6) were present in strain JC231 (Fig. S3) . Strain JC231 differed from Spirochaeta bajacaliforniensis DSM 16054
T by the presence of unidentified lipids (L2 and L4; Fig. S3 ).
Annotation of the genome of strain JC231 indicated 4502 coding sequences that included 56 RNA genes. A total of 140 genes were related to motility and chemotaxis and 105 genes were related with cell wall and capsule formation. Based on the KEGG analysis at RAST server, genome of the strain showed the presence of hypoxanthine-guanine phosphoribosyltransferase (EC 2.4.2.8), inosine-5¢-monophosphate dehydrogenase (EC 1.1.1.205), GMP synthase (glutamine-hydrolysing) (EC 6.3.5.2), carboxylesterase (EC 3.1.1.1), cytidine deaminase (EC 3.5.4.5), uridine kinase (EC 2.7.1.48) and thymidine kinase (EC 2.7.1.21) that are involved in the biosynthesis of 6-thioguanine, irinotecan and fluorouracil (important anticancerous drug) through different routes of metabolism.
Genome of strain JC231 showed the presence of heavy metal resistance related genes of cobalt, zinc, cadmium and arsenic. A total of 37 genes related with nitrogen metabolism, 56 genes related with phosphorus metabolisms, 19 genes related with sulfur metabolism and 16 genes related with potassium metabolism were identified in strain JC231. A total of 71 genes related with fermentation and 39 genes related with one carbon metabolism were present in the genome. Twelve genes related with CO 2 fixation were present in the draft genome sequence of strain JC231.
Draft genome also revealed that strain JC231 possesses the full complement of genes for both 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) and 2-C-methyl-D-erythritol 4-phosphate (MEP) pathways for isopentenyl pyrophosphate (IPP) biosynthesis. The most common pathway for IPP biosynthesis in bacteria is through the MEP pathway, while HMG-CoA pathway is also documented among a few bacteria (Begley et al., 2004; Seto et al., 1996) including our own recent report of Spirochaeta lutea (Shivani et al., 2015) . However, presence of both HMG-CoA and MEP pathways in a single system appears to be unusual and our observation in strain JC231 is also supported by an earlier report from 'Listeria monocytogenes' EGDe (Begley et al., 2004) and 'Streptomyces aeriouvifer' (Seto et al., 1996) . Validation of HMG-CoA and MEP pathways in strain JC231 was done using the pathway-specific inhibitors, simvastatin (50 µg ml
; Stancu & Sima, 2007) and fosmidomycin (50 µg ml
; Umeda et al., 2011) , respectively, which independently had no effect on the growth of strain JC231 while, in combination, inhibited the growth of strain JC231 (Fig. S4) . Further, it was observed that strain JC231 could not produce carotenoids in the presence of simvastatin (data not shown), indicating the probable role of HMG-CoA pathway in carotenogenesis. However, the fact that simvastatin alone has not inhibited the growth of strain JC231 indicates that HMG-CoA is probably the major pathway for the synthesis of carotenoids (probably quinones also) and MEP pathway substitutes the quinone demands upon inhibition of HMG-CoA pathway. If our observations are true, these results are in contrast to those of plant systems, where MEP pathway plays a key role in the carotenoid biosynthesis in plastids, while HMG-CoA is involved in the quinone biosynthesis in cytosol (Francis & Cunningham, 2002) . However, in plant systems, both the pathways are compartmentalized and also have a crosstalk while the same is absent in bacterial systems. Strain JC231 is also very interesting in understanding the regulation and contribution of both the pathways in IPP biosynthesis in addition to its ecological and evolutionary significance. Mining the genomes of other species of the family Spirochaetaceae indicated that they have either MEP or HMG-CoA pathway genes and none has both the pathways which make strain JC231 unique.
In addition, strain JC231 differed from closest phylogenetic neighbours with respect to carotenoid composition, salinity requirement, temperature range, pH tolerance range, requirements of yeast extract and vitamins and organic carbon source utilization (Table 1) . ANI value and 16S rRNA gene sequence similarity between strain JC231 and other closely related members (Table S1 ) are far below the species cutoff. The molecular data is also supported by the morphological, physiological and chemotaxonomic differences (Table S2) to propose a new genus and species to accommodate strain JC231 with the name 'Candidatus Marispirochaeta associata'. Since our attempts to establish pure culture of strain JC231 failed, we proposed Candidatus taxon according to Rule 18a and Appendix 11 of bacteriological code (Parker et al., 2016) . Based on the ANI values (Table S1 ) along with supporting phenotypic (Table S2) and phylogenetic ( Fig. 1) Traces of yeast extract are required for growth. Additional vitamins are not required for growth;resistant to kanamycin, phosphomycin and rifampicin and sensitive to gentamicin, tetracycline, ampicillin and chloramphenicol. C 14 : 0 , iso-C 15 : 0 , C 16 : 0 , iso-C 15 : 1 H/C 13 : 0 3OH, iso-C 14 : 0 , iso-C 14 : 0 , anteiso-C 15 : 0 , iso-C 16 : 0 , iso-C 17 : 0 , anteiso-C 17 : 0 , and C 18 : 0 are the fatty acid composition. Diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine and unidentified lipids (L1-L6) are the polar lipids. G+C content is 55.7 mol%. Strain JC231 is deposited as a co-culture (with Desulfovibrio sp. JC271) at DSMZ (DSM 29857) and KCTC (KCTC 15472).
Proposal to reclassify Spirochaeta bajacaliforniensis, Spirochaeta smaragdinae and Spirochaeta sinaica to a new genus Phenotypic characteristics of Spirochaeta bajacaliforniensis, Spirochaeta smaragdinae and Spirochaeta sinaica are not in line with genus Spirochaeta (Table S2 ). 16S rRNA gene sequence similarity of the three members with other members of the genus Spirochaeta is <87.5 % which is far below the delineation of species based on 16S rRNA gene sequence analysis (Mende et al., 2013; Yarza et al., 2014) . The genotypic (Table S1 ), phenotypic and chemotaxonomic analyses (Table S2 ) necessitate reclassifying the three species into a new genus in the family Spirochaetaceae for which we propose the name Sediminispirochaeta gen. nov.
Description of Sediminispirochaeta gen. nov.
'Sediminispirochaeta' (Se.di.mi.ni.spi.ro.chae¢ta. L. n. sedimen -inis; N.L. fem. n. Spirochaeta a bacterial genus; N.L. fem. n. Sediminispirochaeta a spirochaete from sediment).
The description is as given by Fracek & Stolz (1985) with the following modifications: diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine are present as major polar lipids. iso-C 15 : 0 , iso-C 15 : 0 DMA and iso-C 15 : 0 aldehyde are present as major fatty acids. Genomic G+C (mol%) content is ranging from 44.7 to 50.2 mol%. Type species of the genus is Sediminispirochaeta bajacaliforniensis.
Description of Sediminispirochaeta bajacaliforniensis comb. nov.
Basonym: Spirochaeta bajacaliforniensis Fracek and Stolz 2004 (Validation list no. 97, 2004 ).
The description is as given by Fracek & Stolz (1985) with the following modifications: diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine are present as major polar lipids with minor amounts of unidentified lipids (L1, L3, L5 and L6). iso-C 15 : 0 , iso-C 15 : 0 aldehyde, iso-C 15 : 0 DMA and anteiso-C 15 : 0 are present as major fatty acids. The description is based on a single strain and type strain is BA-2 T (=ATCC 35968 T =DSM 16054 T ).
Description of Sediminispirochaeta smaragdinae comb. nov.
Basonym: Spirochaeta smaragdinae Magot et al. 1998 (Validation list no. 67, 1998 .
The description of Sediminispirochaeta smaragdinae is as given by Magot et al. (1997 The description of Sediminispirochaeta sinaica is as given by Dubinina et al. (2015) . The description is based on a single strain and type strain is SL T (=DSM 14994 T =UNIQEM U 783 T ).
